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Quantum Optics is well established with optical photons

. . Hong-Ou-Mandel Effect
* Quantum optics describes phenomena

that require individual photons to be \/ \
treated as quantum objects
* In the optical regime, this has allowed / /\

- advances in metrology

~50 fs resolution

MNo. of coincidence counts in 10 min.

260 280 300 320 340 360
Position of beam splitter (p.m)

Hong, Ou & Mandel, PRL 1987



Quantum Optics is well established with optical photons

* Quantum optics describes phenomena
that require individual photons to be
treated as quantum objects
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* In the optical regime, this has allowed
- advances in metrology

- demonstrations of entanglement

Anton
Aspect Clauser Zeilinger

“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”

THE ROYAL SWEDISH ACADEMY OF SCIENCES




Quantum Optics is well established with optical photons

* Quantum optics describes phenomena
that require individual photons to be
treated as quantum objects

* In the optical regime, this has allowed
- advances in metrology
- demonstrations of entanglement

- wider quantum information theory
applications

S\

A ;'Mcm

Quantum computer prototype, via Forbes.com



Quantum Optics in the X-ray regime is less well-developed

» Although X-ray quantum optics has been studied for over 50 years, work has lagged behind
the progress in the optical regime

* Even now that bright X-ray sources are available, much of the work has focused on
supporting optical experiments

 Demonstrating quantum optical interference effects in the X-ray regime could have
significant applications in metrology, imaging and beyond



Nonlinear processes can generate entangled photons

Entangled pairs can be generated through spontaneous
parametric down conversion (SPDC), where a single photon
splits into two lower energy photons in a nonlinear material

This is a single (incoming) photon process, and as such does
not scale with intensity

It therefore has a low cross-section, with a recent result
claiming 4x10-¢ as a record high result [1]

The same process can occur for X-rays, using a detuned
Bragg crystal

[1] Bock, Lenhard, Chunnilall & Becher, Opt. Express 2016

Signal
Pump :: &
Idler

Nonlinear
crystal

Crystal

Vertically-polarized
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Generating entangled X-ray pairs:

Spontaneous Parametric Down Conversion

In Bragg diffraction, the pump and output photons have the
same energy

iy | = |k
kp + G = kKo

If the crystal is slightly misaligned, the incoming photon can
downshift into a pair of photons, designated as idler and
signal

|k_p)| = |k_s)| + |E| Conservation of energy

kp+ Gpry = ks + k; Conservation of momentum

—
thl




Down-converted pairs offer advantages

over classical imaging approaches

Entangled pairs would allow improvement in imaging

Measuring the idler allows us to infer precise
properties of the signal photon

This could allow us to distinguish signal photons in
high-noise environments, such as those generated by
intense lasers

This also allows images of transparent and weakly-
absorbing samples to be taken with a much lower
dose, going beyond ‘diffract-before-destroy’

Classical Photons

%, I\
%‘9”:9/ °0
Q‘O,.

Entangled Photons




Generating down-converted pairs:
APS Synchrotron Experimental Geometry

Rotation
/ Diamond

stage X-ray B 22keV
Experiment is aligned to the Laue diffraction spoton ray Beam @ 22ke
v
the area detector 20, + 66 é,

Silicon drift detectors either side of the Bragg peak,
with the crystal misaligned by 10 mdeg (0.175 mrad)

(660)

Down-converted

SDDs measure arrival time and energy of emitted photons

photons, with 100 eV energy resolution and low
noise

A6 (x)

Aligned to look for degenerate (equal-energy) down
conversion

E _E 1/2 Laue peak
A6 (E,) = [259( £ S) sin eB]

Silicon Drift
Detectors

Area detector 9



Generating down-converted pairs:

APS Synchrotron Experimental Results

150
We bin the data observed on the detectors

depending on the time difference between

(%)

c

. ~

detections o
<@/ 50

At all time delays, we see characteristic peaks
from X-ray emission

-50
-100

-150

8 10 12 14
Photon energy / keV

16

10

10

Signal / bin/keV/hour



Generating down-converted pairs:

APS Synchrotron Experimental Results

We bin the data observed on the detectors
depending on the time difference between
detections

At all time delays, we see characteristic peaks
from X-ray emission

At low time delays, a peak centered at 11 keV
appears, which is due to down-conversion

e difference / ns

Detector ti

150

'—l
o
o

W
o

o

=50

-100

-150

8 10 12 14 16
Photon energy / keV

Total signal rate =100 pairs/hour

10

11

Signal / bin/keV/hour



Generating down-converted pairs:

APS Synchrotron Experimental Results

We bin the data observed on the detectors
depending on the time difference between
detections

At all time delays, we see characteristic peaks
from X-ray emission

At low time delays, a peak centered at 11 keV
appears, which is due to down-conversion

Energy spread is due to detector size, time spread
is due to detector response oy VORTEX crcuar 40 o’

el]

Y [pix:

0 20 4‘0 6‘0 8‘0 100
X [pixel]

70
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e difference / ns

Detector ti
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-100

-150

8 10 12 14 16
Photon energy / keV

Total signal rate =100 pairs/hour

10

12

Signal / bin/keV/hour



Non-degenerate down-conversion

Shorter runs were taken with detectors aligned for non-
degenerate energy splits

We can see the 60-40 energy split clearly

The effect on the background (emission) peaks is unclear

Time Difference / ns

60/40 split
Channel 2

150

100

50

=50

-100

P A S PR O iy e RN el

-150 -
6 8 10 12 14 16

Channel 3
150

100

50

=50

-100

-150

6 8 10 12 14 16

Spectrum / keV



Observed signal rate changes with Bragg detuning

We observed the count rate as the crystal
detuning angle was changed

Count rate / pairs/hour

175 -

150 1
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[

LN
!

100 1

~
wn
!

Ln
o
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un
!

o
L

X Signal
e 1 fit
v X voe
X
SN

hhhhhhhh x
¥ T TT=--l W m e

0 5 10 15 20

Misalignment 66 / mdeg
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Observed signal rate changes with Bragg detuning

We observed the count rate as the crystal
detuning angle was changed

The decrease with 60 can be explained by a
geometric effect of emission into a cone

The results are therefore consistent with a
constant down-conversion probability

Sa=

50 = 5 mrad //’69 = 20 mrad
’

N.———"

We observed the count rate as the crystal
detuning angle was changed

The decrease with 88 can be explained by a
geometric €ffect of emission into a cone

The results are therefore consistent with a
constantdown-conversion probability

,/

15



How do Free Electron Lasers generate X-rays?

Oscillating magnetic field =05-10A
Electron accelerator Field strength B, ~ T />
. . u yl KZ
E, ~ GeV Spatial period A, ~ cm - <1 n _)
07 292 2
(v ~ 10%) v
1 mec? eBydy
vy E,  2m M, c?

High energy electrons pass through a rapidly oscillating B-field, emitting synchrotron radiation

The emitted wavelength A_0 is controlled by the parameters of the system



How do FELs generate X-rays?

electron S —
beam

UNUONEUn N0 Emau e b \\

photon
beam

L Undulator _ beam
dump
radliation
100( sover ) (e
AR
distance

Animation from SLAC Communications

The X-rays cause the electrons to bunch up, with the same spacing as the X-ray wavelength

They then emit radiation coherently, greatly increasing the total energy in the beam, and
eventually saturating in a long enough undulator



XFELs can deliver unprecedented brightness

1 035

10%

1031

1 029

1027

1 025

1 023

1021

Peak brilliance (photons s~ mrad-2 mm=20.1% BW)

1019

Fig. from Ullrich et al., Rev. Phys. Chem. (2012)

. Peak brilliance
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108

Relative to previous light sources, free electron lasers deliver far
brighter and more brilliant pulses

They contain more energy, and much shorter pulse lengths, than
synchrotrons can deliver

This is true across the ultraviolet to X-ray range

LCLS can now reach photon energies up to 25 keV

18



XFELs around the world

@ LCLS

Linac Coherent
Light Source

European

XFEL

PAUL SCHERRER INSTITUT

POHANG ACCELERATOR LABORATORY
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Down-conversion at XFELs
will require a different approach

1.66 +
Determining simultaneous emission is not feasible at Lesl la
XFELs, since the pulse length is so short o
. . £ 160 T% §
From momentum conservation, the energies and 2 A6 g
. . © 158 v
momenta Of the emltted photons must be ||nked _E; ----,_‘_A_-__-; ............................................................ 1 QDE
E 156 + 0 TT==ell — %
. . . < S~
The angle (relative to the Bragg peak) is determined by 154 1 _—
the down-converted photon energy relative to the 1521 7 Isc;?enral
- A
incoming pump photon energy 150 1 oo Bragg \ fes
1.0 +
1/2 0.8 1
Ep _ ES . v
AQ(ES) = 12660 Sin 93 25 061
Es o
& o 0.4
o
0.2 1
0.0 t t f t
0 2 4 6 8 10

Signal Energy / keV 20



Down-conversion at XFELs
will require a different approach

Simulated signal for 60 = 12 md
Rather than a ‘signal’ and ‘idler’, we can consider mulated sighat for maes

the signal azimuthally integrated around the 0 1
Bragg peak

Angle / degrees
2

3 4

10

Each energy will be found in a ring at a distance
determined by A6 (E;)

The total signal at each energy is roughly
constant over the region that we will be probing

E _F 1/2
A6 (E,) = [259( pE S) sin@B]
S

Energy / keV
Signal / a.u.

0 5 10 15 20 25 30 35
Radial distance / mm
21



Beam Parameters

Output X-ray spectrum depends on
* Bandwidth
* Beam divergence
* Crystal mosaicity

Bandwidth and divergence can potentially be better at an XFEL
than at a synchrotron

Crystal mosaicity can be improved over the results we took at
the APS

All parameters need to be small in order to distinguish the
energy-angle relationship

Broadening is greater than bandwidth due to each
wavelength seeing a different effective §6

Energy / keV

10

2

Seeded + DCM: %5 = 0.01%

200 400 600
SASE: %£ = 0.5%

200 400 600
Radius / pixels
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SACLA Experiment setup

SACLA setup used Bragg diffraction from diamond (400)

With SACLA beam at 9.83 keV (seeded), this gives 265 =
90.01°

Beam fluence was >250 uJ/pulse, reduced to 20 uJ by
the use of a 4-bounce Si 111 monochromator

Shielding around tube, slits at the entrance etc.
significantly reduced background

Sample is in air, and down-converted photons propagate
through two windows

Estimate roughly 25% efficiency of pair detection in
degenerate case

Hartley et al., Optica 12.7 (2025) 961-967.

Beamstop

Beam tube (kapton
windows)

Wwo0g

SACLA beam @ 9.83

25



Crystal Characterization

Since the experiment, the crystal quality has been
characterized by Alex Halavanau as part of the SSRL
RCI (rocking curve imaging) program

Confirms that the crystal is high quality and
relatively strain-free, given its thickness (109 um)

Corresponds to a bandwidth of ~10-2, so will not be
a limiting factor in our resolution

Average Image, E6_CVD_A Back 1

TR

-
0 2
x (mm)

RC FWHM, Med = 10.767

4000

2000

20

urad

Counts

RC Center

5 -
"
4(7‘*‘
1k
Ry

X (mm)

o
urad

RC Center Uncert, Med = 0.065

1.0
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XFEL Spectrum

Requested beam at 9.83 keV in order to give
205 = 90.01°

Monitored spectrum in a few runs throughout
the beamtime

At the very end of the experiment, also added a
monochromator to further reduce the bandwidth

Together, these indicate that the energy was not
exactly what we expected (nearer 9.823 keV)

Constant offset should not introduce same
uncertainty as broader spectrum

Signal / a.u.

1200 +

1000 +

- — = T,

800 +

600 +

400 +

B

Scan 38

Scan 72 - mono

- = =Scan 66 - new pos.

-0.6

0 0.2 04 06 0.8 1 1.2 14

dAngle / mrad

16
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XFEL Spectrum

Requested beam at 9.83 keV in order to give
205 = 90.01°
Monitored spectrum in a few runs throughout

the beamtime

At the very end of the experiment, also added a
monochromator to further reduce the bandwidth

Together, these indicate that the energy was not
exactly what we expected (nearer 9.823 keV)

Constant offset should not introduce same
uncertainty as broader spectrum

Data analysis focused on data with
monochromated beam, collected with §6 = 12
mdeg.

Signal/ a.u.

1200 T

1000

800 +

600 +

400 +

200 +

Scan 66 - new pos.

Scan 72 - mono (8x)

9.824

Energy / keV
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Looking for down-converted signal - calibration

Clearest signature to look for is a ring

During the beamtime, data was generally difficult to
analyze effectively due to detector calibration
Significant work was done on this by Janita Hussain, a
SULI summer intern last year

She worked to calibrate pixel-by-pixel using XFEL-induced
fluorescence from different samples

—— Fe k-a = 6.405 keV
—— Tik-a = 4512 keV

108 3

Calibration data
indicates energy

uncertainty
O = 0.6 keV

10% 3

10 5

Number of pixels

103 4

107 7

T T T T T
50 100 150 200 250
Counts / ADU
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Looking for down-converted signal - calibration

Clearest signature to look for is a ring

During the beamtime, data was generally difficult to
analyze effectively due to detector calibration 400

30

Significant work was done on this by Janita Hussain, a 300
SULI summer intern last year o

She worked to calibrate pixel-by-pixel using XFEL-induced
fluorescence from different samples

100
This greatly reduced variation, but no ring is visible

-100
-200
-300

=400

=400 =200 0 200 400
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Looking for down-converted signal - integration

To make signal identification easier, we

azimuthally integrated the data 10

This requires a value for the center, which
we took from images of the Bragg spot
without the beamstop in place

The data is dominated by elastic and Compton
scattering at high energies, and noise at low
energies

10°

photon energy

100 200 300 400 500 600
distance from cetner (pix)
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Looking for down-converted signal - integration

To make signal identification easier, we
azimuthally integrated the data

This requires a value for the center, which
we took from images of the Bragg spot
without the beamstop in place

The data is dominated by elastic and Compton
scattering at high energies, and noise at low
energies

Analysis focused on 3.5 < E <7.3 keV

Down-converted signal should show up as a
diagonal line across the figure

Energy / keV

0

50

100

150 200 250
Radius / pixels

300

350

400

2000

1750

1500

1250

1000

750

500

250

32



Looking for down-converted signal - rescaling

Can further transform signal by rescaling the radius
relative to the expected radius

Down-converted signal should now be a vertical line

This also allows the histogram to be integrated vertically
to look for peak around r /7, = 1

Energy / keV

o
o

W
(0]

w
o

=
(0]

=

o
o
o

0.5

1.0 15 2.0
Radius / expected radius

2.5

3.0

3000

2500

2000

1500

1000

500

0
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Looking for signal - background subtraction

Signal only becomes clear relative to noise from
other scattering sources

This can be measured by negatively detuning the
crystal i.e. going to a position where down-
conversion is not possible

We then scale this scattering to the signal, which
we can see fits well

Photon signal

30000 ~

+12 mdeg.

34



Looking for signal - background subtraction

Signal only becomes clear relative to noise from 70000 4
other scattering sources 60000 +12 mdeg.

) ) ) T 50000
This can be measured by negatively detuning the g 40000
crystal i.e. going to a position where down- E 30000

conversion is not possible % 20000+

10000 4

0_

We then scale this scattering to the signal, which .

we can see fits well T 2000

_ ’ 2 1500 -

The difference between the lineouts shows a clear S 1000

. o

peak around the expected radius £ 5001

Q5 —500 -

—1000 -

T T T T T
0.0 0.5 1.0 1.5 2.0



Background-subtracted signal

5.75
With subtraction of the -30 mdeg
. 5.50
data, the peak shows up in the r/r,, -
5.25 0 o e
data... . == H
> .
* 5,00
. . . 34-75 30
the original radius data... 400
4.50 E
=z 300
4.25 >
and even as a weak ring! Lon & 200

0.0

-100

1] 100

-200

-300

-400

-400 =200 0 200 400



Pair finding

To further confirm that the data is coming from
down-conversion, we looked for individual
photon pairs

Energy conservation
E; + Ej = 9.83 £ AE

Momentum conservation
pitoj=mtlp

Data to the right uses

AE = 0.94 keV
Ap = — = 12.8 mrad
250

Data summed over 2 hours (2.14e5 shots)

Photons over background

4000

3000 ~

2000 ~

1000 -

—1000 ~

—2000 ~

—— All photons - 49404 in peak
—— Paired photons - 11120 in peak

T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius / expected radius
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Pair finding - changing thresholds

Number of pairs found increases as angular and energy
acceptance are broadened

To determine a best value, we look at what percentage of
matched pairs are in the peak around r/7,,, = 1

—— Signal at AE =0.94 keV

o B N W A U O @~ O W
L ) A | | 1 L |

Maximum value occurs at small angular acceptance, and larger
energy acceptance

001 002 003 004 005 006 007
Angular acceptance Ag/ rad.

Pair percentage

Consistent with well-defined angular position (pixel size, beam
footprint), and large energy uncertainty

At peak pair signal, we have 1,258 pairs per hour

—— Signal at Ap=12.8 mrad

o = ] w ~ (€, I« TR T U]
. ! | ! | | ) |

Hartley et al., Optica 12.7 (2025) 961-967. 0 02 o4 o6 o8 1o 12

Energy acceptance AE [ keV



Pair numbers

Estimated photon detection is p; = 0.466

Ratio of paired to unpaired photons in peak can
also give us an estimate for p;

Data suggests p; , . = 0.193

This could arise from more absorption than we
estimate, or errors in the pair-finding algorithm

The disparity means that estimating the total pairs
generated comes with large error bars:

N = 27300 + 18000 pairs per hour

AN

Photons over background

4000 +

3000 -

2000 ~

1000 4

—1000 A

—2000 4

—— All photons - 49404 in peak

—— Paired photons - 11120 in peak

T
0.0

T
0.5

T T T
1.0 1.5 2.0
Radius [ expected radius

T
2.5

T
3.0




EuXFEL Proposal

Observe paired photons and use these to ghost image an object

Imaging object

Experiment is entirely in-vacuum to increase signal A
|
Pair of Jungfrau detectors observes square area ;
1
|

Beamstop

Vary pulses per bunch to tune signal to noise ratio -
Imaging object can be placed in the beam - loss of paired photons  200mm ;
will be visible in opposite quadrant signal

Jungfrau 1 Jungfrau 2
Resolution depends primarily on diamond
bandwidth, due to effective crystal
change in 66 with energy Op + 660

Monochromated beam allows
~1 pixel (50 um) resolution

40




Conclusions

Generated large numbers of down-converted X-ray pairs offers exciting new avenues to
experiments

We have demonstrated that such pairs can be observed in the absence of direct time
correlations

| believe our results are (temporarily!) the highest published pair count rate

Better detectors (lower noise, more energy precision) would greatly increase the rate of
pairs observed and confirmed, as would a fully in-vacuum setup

Upcoming experiment will attempt to use pairs generated at an XFEL for 2D ghost
imaging of samples, in much shorter times than would be possible at a synchrotron
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